The photolyase gene from Thermus thermophilus was cloned and sequenced. The characteristic absorption and fluorescence spectra of the purified T. thermophilus photolyase suggested that the protein has flavin adenine dinucleotide as a chromophore. The second chromophore binding site was not conserved in T. thermophilus photolyase. The purified enzyme showed light-dependent photoreactivation activity in vitro at 35 and 65°C and was stable when subjected to heat and acidic pH.
UV irradiation, including sunlight, induces damage to DNA. One of the most lethal types of damage is thymine-thyminetype pyrimidine dimerization. DNA photolyase catalyzes the photoreversal of pyrimidine dimers with near-UV or visible light as a source of energy (21, 22) . All known DNA photolyases contain (reduced) flavin adenine dinucleotide (FAD), which is the photochemically active chromophore. It has been shown in experiments with Escherichia coli and Anacystis nidulans photolyases that electron transfer from reduced FAD to a pyrimidine dimer splits and restores the pyrimidine dimer (22) .
It is still unclear whether extremely thermophilic bacterial cells have photoreactivation activity. In the present study, we demonstrate such activity and characterize for the first time a thermophilic class I photolyase gene from an aerobic, rodshaped, nonsporulating, gram-negative eubacterium, Thermus thermophilus HB27, which can grow at temperatures over 75°C (15, 19) . Another thermophilic photolyase from the archaebacterium Methanobacterium thermoautotrophicum belongs to class II, and the gene product has not yet been studied in detail (9) . Although recent X-ray crystallographic studies of the E. coli photolyase (16) have provided data useful for elucidating the photoreactivation reaction, the three-dimensional structure of the enzyme-substrate complex has not been determined. In order to study the molecular mechanism of substrate recognition and to carry out more detailed physicochemical analysis including nuclear magnetic resonance (NMR), an enzyme that is more easily crystallized and more stable than that of E. coli is required. Many proteins from T. thermophilus are heat stable and easily crystallized (6, 12, 13) , making them ideal materials for such purposes.
Photoreactivation activity in T. thermophilus cells. To clarify whether T. thermophilus cells have photoreactivation activity, the UV sensitivity of wild-type cells was measured in the dark or under illumination. As shown in Fig. 1 , T. thermophilus cells illuminated with visible light were more UV resistant than those in the dark, indicating that the cells have photoreactivation activity. This suggested that T. thermophilus cells possess both functional photolyase and a photolyase gene.
Cloning, sequencing, and primary structure of the T. thermophilus photolyase gene. The carotenoid biosynthesis gene, crtB, has been cloned from T. thermophilus, and a truncated open reading frame (ORF) with an unknown function, named ORF-B, has been found neighboring the gene (5) . In order to elucidate the function of ORF-B, we cloned and sequenced it in its entirety. Total DNA of T. thermophilus, which had been digested with BamHI, was ligated with BamHI-digested pUC19 (20) . A plasmid containing the entire ORF-B sequence was screened by colony hybridization using part of ORF-B as a probe and was named pUC-crt3. The nucleotide sequence of pUC-crt3 was determined on both strands by the dideoxy method. The GϩC content of the DNA fragment was 72%, which agrees well with that of the genomic DNA of T. thermophilus HB8 (69%) (15) , which is closely related to the HB27 strain (26) . ORF-B encoded a protein comprising 420 amino acid residues with an estimated molecular mass of 47,849 Da. The predicted amino acid sequence suggested that ORF-B encodes DNA photolyase. Its amino acid sequence was aligned and compared with those from other bacterial class I photolyases (Fig. 2) . The amino acid sequence showed 38, 36, 31, and 32% identity with the corresponding sequences from E. coli (23) , Salmonella typhimurium (11), Streptomyces griseus (10), and A. nidulans (31) , respectively. This is the first photolyase gene to have been isolated from a thermophilic eubacterium. Its amino acid sequence is more similar to folate-type than to deazaflavin-type photolyases among class I photolyases. The crystal structure of E. coli photolyase, which is classified as a folate-type class I photolyase, has been determined previously (16) . The amino acid residues which interact with FAD in E. coli photolyase are mostly conserved in other photolyases, including that of T. thermophilus (indicated by the asterisks in Fig. 2 ). On the other hand, the residues interacting with 5,10-methenyltetrahydrofolate (MTHF) are conserved only in folate-type, and not in deazaflavin-type, photolyases (indicated by the number symbols in Fig. 2) . Thus, the amino acid sequence of T. thermophilus photolyase is similar to that of the folate type, although it lacks the MTHF binding sites.
Overproduction and purification of T. thermophilus photolyase. To study the in vitro characteristics of T. thermophilus photolyase, it was overproduced in E. coli and purified. The DNA fragment containing the entire T. thermophilus photolyase gene was subcloned into the expression vector pET3a (25) . As shown in Fig. 3 , a protein of about 48 kDa was induced by IPTG (isopropyl-␤-D-thiogalactopyranoside) in E. coli BL21(DE3) (25) . This agreed well with the molecular mass calculated from its amino acid sequence.
To purify the overproduced protein, the E. coli cells (40 g) were lysed with 100 g of lysozyme per ml-0.5% Brij 58 and disrupted by sonication. After heat treatment for 10 min at 70°C, which removed most of the endogenous E. coli proteins, the protein was purified to apparent homogeneity by sequential column chromatography steps on Blue Sepharose 6FF, Sephacryl S200HR, and hydroxyapatite (Fig. 3) . The concentration of the T. thermophilus photolyase was determined by the biuret method (4) terminal amino acid sequence of the purified protein was found to be M-G-P-L-L-V-W-H-R-G, which was identical to that expected after translation from the nucleotide sequence of the gene.
Physicochemical characteristics of T. thermophilus photolyase. First, we tried to estimate the molecular size of the protein in solution. Since size exclusion chromatography gave broad elution peaks which could not be analyzed, we used analytical ultracentrifugation (Beckman; Optima XL-I). The sedimentation velocity showed that the solution contained a uniform component with a sedimentation coefficient of 4.25 Ϯ 0.25 s. The molecular weight of T. thermophilus photolyase determined from the sedimentation equilibrium was 45,900 Ϯ 2,400, which coincided well with that estimated from the amino acid sequence (about 47,800). These results indicated that T. thermophilus photolyase exists as a monomer in solution and that there is no self-association between the protein molecules.
Next, to study the secondary structure of the protein, the far-UV circular dichroism spectrum was examined (Jasco; models J-500A and J-720W). The spectrum had negative double maxima at around 210 and 220 nm, which are characteristic of an ␣-helical structure. The residue molar ellipticity of the protein at 222 nm ([] 222 ) was found to be Ϫ1.34 ϫ 10 4 degrees ⅐ cm 2 ⅐ dmol
Ϫ1
. From this value, the ␣-helical content of the protein was calculated to be 53% by the method of Chen et al. (1) . This value agrees well with the ␣-helical content of 46% for E. coli photolyase determined by X-ray crystallography (16) . These results suggest that the folding of the purified protein is normal. The stability of the protein was then measured with the value of [] 222 . It was found that the protein was stable between 20 and 60°C at neutral pH, at pH 3.5 and 11 at 25°C, and in guanidine-HCl up to 2.5 M at neutral pH and 25°C. This physically stable protein therefore appeared to be a good subject for physicochemical analysis by methods such as NMR.
Since the amino acid sequences of the photolyases show significant homology, their three-dimensional structures should also be similar. Thus, the high stability of the T. thermophilus protein could be related to its amino acid composition. The numbers of the following amino acid residues, which are known to be chemically unstable at high temperatures, were decreased in T. thermophilus photolyase compared to those in the E. coli protein: Cys (7 to 1), Asn (20 to 7), Gln (28 to 7), and Met (9 to 4). On the other hand, the number of Pro residues, which play an important role in protein folding (14, 28) , was increased from 20 to 42. The polypeptide of T. thermophilus photolyase was slightly shorter than those of other mesophiles, since the residues in the loop regions were deleted (Fig. 2) . These deletions may give compactness to the protein and thus contribute to its high stability. Similar changes in amino acid composition and a smaller molecular size have also been observed in other thermostable proteins (8, 14, 27, 29) .
Chromophore composition of T. thermophilus photolyase. The absorption spectrum of the purified protein was measured (Hitachi; model U-3000), and this showed maxima at around 350, 440, and 600 nm (Fig. 4A) . The profile was similar to that of Potorous tridactylis photolyase, which does not have a second chromophore (30) . The absorption at around 440 nm was considered to be due to FAD bound to a hydrophobic area of the protein, as is the case in Neurospora crassa photolyase (2). The spectrum was changed considerably upon denaturation at pH 2.0 (Fig. 4A) ; the absorption at around 600 nm disappeared, and the resulting spectrum was identical to that of FAD.
To identify the chromophore of T. thermophilus photolyase, the fluorescence spectra were determined (Hitachi; model F-4500) with an emission bandwidth of 5 nm. Its excitation and emission spectra at neutral pH were spread and did not show characteristic peaks (Fig. 4B and C) . Under denaturation conditions at acidic pH, the fluorescence spectra were also changed, as in the case of the absorption spectrum. This increase of fluorescence was thought to be caused by the release of FAD from the denatured protein, since the fluorescence of FAD is quenched on binding to the protein. The excitation spectrum of the denatured photolyase showed characteristic double maxima at 370 and 450 nm (Fig. 4B) , and its emission spectrum showed a maximum at 530 nm (Fig. 4C) . These fluorescence characteristics coincided well with those of FAD and confirmed that the protein contains FAD as a chromophore. The molar ratio of T. thermophilus photolyase to FAD was estimated as follows. The protein concentration was determined to be 19 M by the biuret method (4) , and the concentration of free FAD removed from the acid-denatured protein was determined to be 23 M from its absorption at 445 nm (2) . The calculated molar ratio of the protein to FAD was therefore 1.2, indicating that one molecule of the protein would have one molecule of FAD.
These observations indicate that the purified photolyase contains only FAD as a chromophore. It has been reported previously that the second chromophore of E. coli photolyase, MTHF, is easily removed (17) . Therefore, during the purification of T. thermophilus photolyase, the second chromophore might have been removed. To investigate this possibility, purification was carried out without a heat denaturation step. However, the purified sample showed the same spectroscopic properties. Moreover, when an excess amount of MTHF, which had been prepared as described previously (18) , was added to the purified photolyase, followed by incubation and size exclusion chromatography to remove the free MTHF, the resulting sample showed the same spectroscopic properties. Furthermore, it showed the same photoreactivation activity in vitro. These observations strongly suggest that T. thermophilus photolyase binds only FAD as a cofactor and does not have a second chromophore, although it does not rule out the possibility that MTHF or another chromophore might bind to the protein in vivo. Our findings are in accord with the observation that P. tridactylis photolyase possesses only FAD as a chromophore (30) . These characteristics suggest that the photolyases, including class I and class II, can be split into three groups: folate type, deazaflavin type, and no-second-chromophore type.
Photoreactivation activity of T. thermophilus photolyase in vitro. In order to clarify whether the purified T. thermophilus photolyase has photoreactivation activity, an in vitro assay was carried out. The absorption of poly(dT) at 265 nm is decreased by UV irradiation because thymine dimers are formed. When the thymine dimers are photoreversed, the absorption increases. UV-irradiated poly(dT) and the purified T. thermophilus photolyase were incubated at 35 or 65°C in the dark or under a 15-W fluorescent lamp with a low-cutoff filter (315 nm), and at each time point, the absorbance at 265 nm was measured. A photocell illumination monitor, SPI-6A (Tokyo Kogaku Kikai Co., Ltd.), was used to calibrate the intensity of illumination from the fluorescent lamp, since its intensity decreases with increasing temperature. As shown in Fig. 5 , visible light-dependent repair of thymine dimers was observed at both temperatures.
T. thermophilus photolyase was able to repair UV-damaged DNA with the same efficiency at 35 and 65°C in vitro (Fig. 5) .
As the amount of photons may not have been saturated during our measurements, the apparent activities might have become light dependent. The fact that T. thermophilus photolyase repaired damaged DNA at 65°C indicates that the enzyme recognized the substrate and formed a stable complex even at such a high temperature. E. coli photolyase binds to UVirradiated covalently closed circular double-stranded DNA (dsDNA), open circular dsDNA, linear dsDNA, and singlestranded DNA with equal efficiency (24) . These characteristics suggest that photolyases do not recognize the whole structure around the damaged nucleotides, such as kinks or bends in the DNA, but recognize pyrimidine dimers directly. It is important to know how photolyase interacts with pyrimidine dimers and how they form a complex. This stable photolyase will be useful for elucidating these aspects by physicochemical approaches such as NMR and X-ray crystallography.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the GenBank, EMBL, and DDBJ nucleotide sequence databases under the accession no. AB001637.
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